INTRODUCTION
A considerable body of research has documented the potential damaging impact of low iron status on the developing brain and behavior. Studies in human infants have documented association of iron deficiency anemia with poor neurobehavioral outcomes such as alterations in cognition, motor, and emotional domains, and long-lasting developmental effects. [1] [2] [3] [4] [5] [6] [7] [8] Studies conducted in animal models have demonstrated a direct effect of iron deficiency during gestation and/or early lactation on the developing central nervous system. In such models, decreases in brain iron content have been associated with electrophysiological alterations, impaired dopaminergic function, decreased cytochrome c oxidase activity, abnormal dendritic morphology, impaired myelin production, and long-term behavioral changes. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Tamura et al. 19 has reported that cord serum ferritin levels in term human newborn infants correlated with ultimate cognitive function at 5 years of age. While such correlations do not confirm the causal relationship, given the multiple confounders in such study populations (as noted by Fleming, 20 and Beard and Connor 21 ), these data suggest the importance of iron status for the developing brain. Siddappa et al. 22 recently reported that term and near-term infants of diabetic mothers who were born with low cord ferritin levels had altered auditory recognition memory in the immediate neonatal period and significantly lower psychomotor development score at 1 year. Both these studies support the concept that there is a critical relationship between iron status and shortand long-term neurobehavioral outcomes.
As more than 80% of the iron of the newborn term infant accumulates during the third trimester of gestation; premature infants are typically born with much less than half of the normal neonatal term total body iron. After birth, an extreme and rapid decline of hemoglobin levels (anemia of prematurity) and storage iron occurs in many premature infants that is due to rapid growth, diminished erythropoiesis, blood loss as a result of large phlebotomy losses, and other factors. [23] [24] [25] Thus, we postulate that such an iron deficiency may be an additive factor to the neurodevelopmental morbidity that occurs in premature infants.
As such, the purpose of the present study was to explore the possibility of a relationship between iron status and neurobehavioral development in the early postnatal period of premature infants. Iron status was determined by hemoglobin levels and serum ferritin concentrations, measures that have been noted in previous studies to be the best indicators of iron status of premature infants. [23] [24] [25] Neurobehavioral development was measured by an assessment of reflexes. Since reflexes directly mirror adaptive functioning of the very young nervous system, they can be used to determine the localization of CNS abnormalities and the integrity of peripheral nerves. Reflex profiles in the first year of life have been associated with categories of neurologic abnormality. 26, 27 Reflex evaluation was performed by utilizing the APIB (Assessment of Preterm Infants Behavior), a conventional neurobehavioral test for premature infants which is based on the Brazelton test for term infants. 28 Previous studies showed that prenatal exposures, such as maternal cocaine or alcohol use during pregnancy or prenatal exposure to PCB, were associated with an increased number of abnormal reflexes. [29] [30] [31] We hypothesized that low iron status would be associated with higher percentage of abnormal reflexes, confirming the critical role that iron plays in the neurodevelopment of premature infants.
SUBJECTS AND METHODS Participants
The study was a convenient observational study conducted in the Neonatal Intensive Care Unit of the Shaare-Zedek Medical Center, Jerusalem, Israel from January 1997 until July 1998. The study consisted of medically stable premature infants who were born before 34 weeks gestational age. Birth weight of all infants was appropriate for gestational age (>3%). Infants who had intracranial hemorrhage (IVH/PVH Grade 3-4), perinatal asphyxia, periventricular leukomalacia (PVL) congenital malformation, and/or seizures were excluded from the study. All infants received standard nursery care and were not involved in any other interventional program. All mothers were married to the infant's father; mothers and fathers were at least 20 years old and healthy.
A total of 55 infants met the inclusion and exclusion criteria. Their mean gestational age was 30.7 (SD ¼ 1.98, range ¼ 27 to 34 weeks) and mean birth weight was 1431 (SD ¼ 317, range 790 to 2105 g). At 37 weeks postmenstrual age, before discharge from the Neonatal Intensive Care Unit, the iron status was determined by measurement of venous levels of hemoglobin (Hgb) and serum ferritin concentration. Anemia was defined as a hemoglobin venous level r10 g/Dl. Previous studies have noted that normal term infant ferritin levels are much higher than that found in later infancy, and the normal values of term newborn cord serum ferritin concentration was defined as between 70 and 76 mg/l.
19,32
Other studies have set the target levels of serum ferritin in irontreated premature infants as over 100 mg/l. 33, 34 Thus, for this study we defined 'low ferritin' concentrations as r75 mg/l. Group 1, included 18 infants who were anemic with low serum ferritin concentration (Hgbr10 g/Dl and serum ferritin r75 mg/l). Group 2 included 14 infants who were anemic with normal serum ferritin concentration (Hgbr10 g/Dl and serum ferritin>75 mg/l). Group 3 included 21 infants who were not anemic with normal serum ferritin (Hgb>10 g/Dl and serum ferritin>75 mg/l). Only two infants were nonanemic with low serum ferritin levels and were not analyzed because of the small number of infants.
Measures and Procedures
Biochemical assays. Serum ferritin concentrations were determined using AxSYM Ferritin, a Microparticle Enzyme Immunoassay (MEIA) (a quantitative, automated methodology for Ferritin determination in human serum and plasma; Abbott Laboratories, 1996) , at the Biochemistry Laboratory of Bnai-Zion Medical Center. Hemoglobin concentrations were measured with the STKS (Coulter) system in the biochemistry laboratory, ShaareZedek Medical Center.
Mother Pregnancy and Infant Characteristics
The infants' medical records were reviewed for mother's age, single or multiple pregnancy, gestational age (GA), birth weight, head circumference, length, male-female ratio, number of days in the hospital, and growth measures. Postnatal growth was examined by using weight gain per day [(discharge weightÀbirth weight)/ number of days in the hospital)] and change in head circumference per day [(discharge head circumferenceÀbirth head circumference)/number of days in the hospital).
Infant Medical Risk
Infant medical risk was measured according to the Clinical Risk Index for Babies (CRIB) (International Neonatal Network, 1993). The CRIB is an objective quantitative measure of neonatal risk for infants born prematurely, which scores for birth weight, GA, presence and absence of congenital malformation, minimum base excess, and minimum and maximum fraction of inspired oxygen during the 12 first hours. Individual scores are summed to create the total CRIB score. 35 Infant Severity of Illness Infant Severity of Illness was measured by using the Score for Neonatal Acute Physiology-Perinatal Extension-II (SNAPPE-II). 36 The SNAPPE-II is a simple, accurate and robust measure, with excellent discrimination and goodness of fit. SNAPPE-II includes nine items: birth weight, small for gestational age, Apgar score at 5 minutes, and six physiologic variables (mean blood pressure, lowest body temperature, PO 2 /FIO 2 ratio, lowest serum pH, multiple seizures, and urine output) during the first 12 hours of life. Individual scores are summed to create the total SNAPPE-II score.
Neurobehavioral Assessment of Reflexes A total of 18 reflexes were behaviorally evaluated according to the Assessment of Premature Infants Behavior (APIB) 28 by the project neonatologist. The examiner was blinded as to the hemoglobin and iron status of the infants. Reflex assessment was carried out in a quiet, warm room, between meals in the early afternoon, and lasted 7 to 10 minutes. All babies were in an alert state. Assessment of reflexes was on a 4-point ordinal scale (0 ¼ not elicited; 1 ¼ weak, short or not complete; 2 ¼ good; 3 ¼ obligatory, hyperreactive). An abnormal reflex was defined as 0, 1, or 3 except ankle-clonus, nystagmus, and asymmetrical tonic-neck-reflex, wherein 0, 1, and 2 were normal, and 3 was abnormal. The number of abnormal reflexes in individual infant was summed and the number of abnormal reflexes divided by total number evaluated was expressed as the ''reflex score'' (0 to 100%)
The protocol was approved by the Institutional Research Board (IRB).
Data Analyses
Continuous variables were analyzed using univariant analysis of variance, with post hoc pairwise multiple comparisons (Least Significant Difference test) of the three study groups. Analyses of categorical variables used w 2 tests. An alpha level of 0.05 was used in tests of statistical significance.
RESULTS
Descriptive statistics on variables describing the mothers at pregnancy and infants' medical and clinical status at birth for the three iron groups are shown in Table 1 . As seen in Table 1 , no statistical differences were found in mother's age, single-multiple pregnancy ratio, infant's GA, birth weight, head circumference, length, and female-male ratio. Infants in Group 1, had both lower CRIB and SNAPPE-II scores (less risk and severity) than the two other groups, but this did not reach statistical significance. In addition, neurological examination was normal in all infants at the time of discharge. There was no difference in the incidence of oxygen-dependent chronic lung disease (BPD) or clinically significant necrotizing enterocolitis (NEC) between the 3 groups. Only one infant in the entire sample required surgery for NEC.
As shown in Table 2 , no statistical differences were found in the duration of hospitalization in the Neonatal Intensive Care Unit, weight gain/day, and head circumference change/day between the 3 study groups. The mean hemoglobin level was very similar in the two anemic groups (Groups 1 and 2) and significantly lower than the mean hemoglobin level in Group 3 (F (2,50) ¼ 47.04, p<0.001). In addition, significant differences were found in the mean serum ferritin concentration between the three study groups (F (2,50) ¼ 21.03, p<0.001). Anemic with low ferritin group was lower than nonanemic with normal ferritin (Group 1 F mean: 51.8±16.5 mg/l; Group 3 F mean: 250±147 mg/l). Intermediate ferritin levels were found in the anemic with normal ferritin group (Group 2 F mean: 122.9±47.3 mg/l) that were significantly different from ferritin levels in both Groups 1 and 3.
The multiple comparisons for reflex scores showed statistically significant differences between Groups 1 and 3 (t 32 ¼ 2.12, p<0.05) (mean difference: 13.13, SE ¼ 6.56). A higher score was found in Group 1 (51.4±18.3%) than Group 3 (38.3±17.7%). Intermediate reflex scores were found in Group 2 (45.4±21.7); however, this group was not statistically different from each of the other two groups. Neurobehavioral Assessment of Reflexes was evaluated in 47 of the 53 infants. In order to confirm that the unavailability of reflex scores in these six infants did not bias the results, an additional analysis of covariance controlling for birth weight, the only variable that was affected by the change in number of infants, was performed. This analysis of covariance showed similar results. Statistically significant differences in reflex scores were found between Groups 1 and 3 (mean difference: 14.1, SE ¼ 6.4, p<0.05). Group 2 reflex score was intermedian and not different from the other two groups (Groups 2 and 1 F mean (Groups 1 and 3) . Differences between the two iron groups were found in 30% of the reflexes. Figure 1 shows that glabella reflex, palmar grasp, plantar grasp, passive movement of the arms, passive movement of the legs, and Babinski reflex were abnormal in higher percentages of infants in Group 1 (anemic with low ferritin) than in Group 3 (nonanemic with normal ferritin) (w 2 values ranged between 4.25 and 6.31, p<0.05, beside plantar grasp: w 2 ¼ 3.54, p ¼ 0.06).
DISCUSSION
Results of this study indicate that low iron status in premature infants at 37 weeks postmenstrual age is associated with increased reflex scores reflecting a greater percentage of abnormal reflexes. Higher reflex scores were found in infants who were anemic with low serum ferritin concentration compared to reflex scores in infants who were not anemic and had elevated serum ferritin levels. Intermediate scores were found in infants who were anemic with normal serum ferritin concentration; however, these were not statistically different from the ones in the two other groups. Multiple studies have noted that premature infants have various neuro developmental delays that are more frequent and more severe, the earlier the gestational age and the lower the birth weight. High CRIB and SNAPPE-II scores, which indicate increased medical risk and severity factors, are also predictors for neurobehavioral delays. 37, 38 It is thus most important to note that these potential confounders were well matched between the three study groups. No differences in gestational age and birth weight between the three iron groups existed. Moreover, CRIB and SNAPPE-II scores were better (i.e., infants were less ill), even though not statistically significant, in infants who were anemic with low ferritin levels (Group 1). As Group 1 infants had the highest reflex scores, this observation supports the conclusion that the differences in reflexes can be attributed to iron status and not to other medical confounders.
Previous reports have shown that low iron status is related to disadvantaged family environments. Since our study was conducted in a single Neonatal Intensive Care Unit where infants received uniform care and were exposed to similar environmental stimuli, we can assume that the low iron status was related mainly to physiological factors (e.g., maternal iron transport during pregnancy, postnatal blood drawing, rate of erythropoiesis, etc).
Several animal models may provide a framework for understanding the mechanisms that underline these findings. Iron is required for normal myelinogenesis. [13] [14] [15] Similarly, recent studies in human infants have presented clinical evidence of poor myelination. Auditory brainstem responses and visual evoked potentials studies showed longer latencies in iron-deficient infants compared to nonanemic infants. These authors suggested that altered myelination was the most likely explanation for their findings. 39, 40 As the definition of abnormality of reflex in our study included latency, one possible explanation for our findings is impaired myelination in the low-iron group. However, in addition to latency, our definition also included the level of excitation. According to Roncagliolo et al., 39 differences in latencies and not in amplitudes may reflect altered myelination. Although we postulate that a delay in myelination is the most likely explanation for our findings, there is no way to confirm that this is the only mechanism.
In addition to its role in the production of myelin, iron is involved in the function of neurotransmitters, such as dopamine and serotonin. Earlier rodent studies documented the effect of decrease in brain iron on a variety of dopaminergic functions and dopamine-mediated behaviors, especially, when iron deficiency occurs early in life. [9] [10] [11] [12] More recent studies on iron status and the developing brain showed that perinatal iron deficiency affects dendritic growth and structure, neural metabolic activity, and synaptogenesis. [16] [17] [18] 23, 24 We hypothesized that these neural processes may also play an important role in determining the effect of low iron on reflexes reactivity.
Together with the studies of Tamura et al. 19 and Siddappa et al., 22 our study indicates that prenatal or very early postnatal iron status is related to short-and/or long-term neurobehavioral outcomes in human beings. Further studies with more specific measures of neurodevelopment and potential confounders are needed to confirm the exact nature of the causal relations between low iron status and neurological impairments in premature infants. This study focused on anemia and/or low iron stores and did not include any data on the degree of phlebotomy or quantity of iron supplements. Further study is needed to explore the different mechanism that underline iron status in premature infants (blood loss, iron intake, maternal iron status, and iron therapy) and the relevance of these factors to the neurobehavioral outcomes. Neurobehavioral assessments before the biochemical tests indicating low iron status as well as long-term neurobehavioral outcomes would be revealing to clarify causal relations between iron status and neurodevelopment of human infants.
The routine evaluation of iron status in premature infants has traditionally focused only on the measurement of anemia status, that is, hemoglobin levels. Our data suggest that focusing solely on hemoglobin levels would possibly give a false sense of reassurance and should be avoided.
